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We experimentally demonstrate that the Raman active optical phonon modes of single layer
graphene can be modulated by the dynamic local strain created by surface acoustic waves (SAWs).
In particular, the dynamic strain field of the SAW is shown to induce a Raman scattering intensity
variation as large as 15 % and a phonon frequency shift of up to 10 cm−1 for the G band, for
instance, for an effective hydrostatic strain of 0.24 % generated in a single layer graphene atop a
LiNbO3 piezoelectric substrate with a SAW resonator operating at a frequency of ∼ 400 MHz. Thus,
we demonstrate that SAWs are powerful tools to modulate the optical and vibrational properties of
supported graphene by means of the high-frequency localized deformations tailored by the acoustic
transducers, which can also be extended to other 2D systems.
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I. INTRODUCTION
Graphene is a well-known 2D material with extreme
properties, including a room temperature mobility of up
to 105 cm2V−1s−1 [1], a thermal conductivity of 3000
Wm−1K−1 [2], a Young’s modulus of 1 TPa, an intrin-
sic strength of 130 GPa, and the capability of sustain-
ing an elastic tensile strain of up to 25 % [3]. More-
over, strain in graphene has been shown to give rise to
various extraordinary phenomena such as the shifting
of the Dirac cones [4], the shifting and splitting of the
graphene Raman modes [5, 6], the enhancement of the
electron–phonon coupling and superconductivity [7], the
generation of pseudomagnetic fields [8], and the zero-field
quantum Hall effect [9]. In addition, strain has also been
reported to affect the interaction of the graphene surface
with the environment, leading, for example, to the stabi-
lization of the adsorption of metal atoms by preventing
their clustering [10, 11], or to the increase in the coverage
and self-assembly of hydrogen atoms [12, 13]. Typically,
strain is introduced by placing graphene on a stretch-
able and bendable substrate [5, 6, 14, 15]. However, ap-
proaches capable of generating strain locally with fast ac-
tuation mechanisms are highly desirable for the develop-
ment of integrated devices. Local strain can be attained
in suspended graphene, either pressurized [16–18] or ac-
tuated in nano- [19, 20] and microelectromechanical [21]
systems (NEMS and MEMS), and in graphene/polymer
membranes where the polymer is actuated by e-beam ir-
radiation [22, 23]. Other local strain techniques require
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transferring the graphene onto nano-patterned substrates
[24, 25] or nano-indentation [26]. However, the com-
plexity of most of these methods hinders the usage of
graphene in practical device configurations, where the
effects induced by the locally generated strain could be
exploited. One convenient way to generate strain locally
on supported graphene (or any other 2D material) is by
means of a surface acoustic wave (SAW). The strain field
of a SAW can be actively controlled allowing to change
the magnitude of the dynamic strain electrically. This
mechanism has already been proposed for creating an
optical grating to launch surface plasmon polaritons in
graphene [27] and graphene/h-BN systems [28] and has
been shown to modulate the emission from defect cen-
tres in h-BN [29]. The strain from a sound wave has
also been suggested to lead to collimation effect of the
electron conduction [30]. Additionally, the electric field
accompanying a SAW in a piezoelectric substrate has also
been proven useful for developing acoustoelectric devices
in graphene [31–35] and MoS2 [36], as well as to mod-
ulate the excitonic response of the latter material [37].
Moreover, the piezoelectricity of few-layer MoS2 with an
odd-number of layers has been shown to modulate its
excitonic response when a SAW travels across the mate-
rial [38]. Therefore, SAWs might open new possibilites
for strain engineering and straintronics in graphene and
more generally in 2D materials [39].
In this work, we experimentally demonstrate the mod-
ulation of the graphene phonon dispersion by means of
the strain field of a SAW. In particular, we show that
the G (optical phonon) and 2D (two optical phonons)
Raman bands shift due to the phonon mode softening
(hardening) under the tensile (compressive) strain of the
SAW. The effect of a SAW on the modulation of optical
phonons was earlier studied in bulk Si and GaN crystals
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2[40]. However, the achievable modulation in graphene is
much stronger due to the larger Gru¨neisen parameters of
graphene and the more efficient generation of the strain
in the 2D layer on a strong piezoelectric substrate. More-
over, the whole 2D crystal lattice is coherently affected
by the SAW strain field. We prove that this modulation
can be actively controlled through the frequency and am-
plitude of the SAW generated by the RF signal applied
to a piezoelectric transducer. Thus, the mechanical mod-
ulation generated by a piezoelectric substrate on the 2D
systems can be a powerful tool to investigate their opti-
cal and vibrational properties and to develop new devices
and applications.
II. EXPERIMENTAL DETAILS
A two-port SAW resonator (SAWR), formed by in-
terdigital transducers (IDTs) and metal reflection grat-
ings, was patterned on 128o rotated Y-cut X-propagating
LiNbO3 by optical lithography followed by lift-off metal-
lization. Single layer graphene (SLG), grown by chem-
ical vapour deposition (CVD), was then transferred to
the LiNbO3 substrate using an automatic transfer system
[41]. The graphene sheet was patterned using an oxygen
plasma, leaving a graphene stripe in the region between
IDTs, as shown in figure 1(a). The period and aper-
ture of the IDTs were chosen to be λSAW = 10 µm and
WIDT = 100 µm, respectively. This λSAW value permits
to assess the SAW-induced effects by optical microspec-
troscopy, whereas the selected WIDT value is a trade-off
providing large SAW power density, negligible diffraction
effects in the SAW beam, and good impedance matching.
Figure 1(b) shows the power reflection and transmission
S parameters of the SAWR, measured with the device
already mounted and wire-bonded on the chip used later
on for the Raman characterization.
The Raman spectroscopy was performed in backscat-
tering configuration at room temperature using a confo-
cal Horiba LabRam system. The incident 473-nm solid-
state laser beam was focused onto a spot of approxi-
mately 1 µm diameter and 0.8 mW power on the sam-
ple surface using a long working distance (50x) objective
with a numerical aperture of 0.55. The backscattered
light was collected by the same objective, spectrally an-
alyzed by a monochromator with a 1800 grooves/mm
dispersion grating and detected using a liquid-nitrogen-
cooled charge coupled device (CCD). In order to detect
the changes in the Raman spectra induced by the SAW,
the amplitude-modulation method described in ref. [40]
was used. Here, both the RF signal generating the SAW
at the IDTs and the excitation laser are chopped with
the same modulation frequency (300 Hz) to be either in-
or out-of-phase. Spectra were then recorded with the
two excitations in phase (i.e. with the sample subjected
to both the laser and acoustic excitations; called here-
after SAW ON ) and out-of-phase (where the sample is
exposed only to the laser; called hereafter SAW OFF )
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FIG. 1. (a) SAWR layout schematic. (b) S-parameters of the
SAW device measured as a delay line. (c) Raman spectra of
the bare LiNbO3 substrate and the graphene/LiNbO3 system.
following the alternated sequence SAW OFF - SAW ON
- SAW ON - SAW OFF. An acquisition time of 60 s per
spectrum was used for each excitation condition and 20
sequences were measured (80 spectra in total). By aver-
aging, respectively, over the 40 SAW ON and 40 SAW
OFF cycles, the Raman spectra with (Ion) and with-
out (Ioff ) the effects of the SAW were obtained. This
method, besides increasing the signal-to-noise ratio due
to the integration, minimizes the effects of the systematic
fluctuation of the temperature and of the laser power on
the Raman signal, allowing us to isolate the strain con-
tribution [40].
III. RESULTS AND DISCUSSION
The Raman spectra of the bare LiNbO3 substrate and
of the SLG transferred onto it are shown in figure 1(c).
LiNbO3 exhibits a strong Raman peak around 1780 cm
−1
which is a two longitudinal optical phonon process [42].
The characteristic Raman signature of the SLG, formed
by the G and 2D peaks at 1580 and 2700 cm−1 respec-
tively, appears on top of the background provided by the
LiNbO3 substrate. A small D+D” peak is also observed
at 2425 cm−1. The intensity ratio I(2D)/I(G) ≈ 2.5 and
the absence of the characteristic defect (D) peak (at ∼
3FIG. 2. (a) Optical micrograph of the SAWR with the transferred graphene in between the IDTs.(b) Raman spectra of the G
peak for the SAW ON and SAW OFF conditions (f = 385.75 MHz and PRF = 23.69 dBm) at three different positions on the
device marked as A, B, and C in (a). (c) S11 (reflection) and S12 (transmission) losses of the device. (d) Raman spectra of
the G peak for the SAW ON and SAW OFF conditions (PRF = 23.69 dBm) at the different frequencies indicated by dashed
vertical lines in (c).
1350 cm−1) confirms that the graphene is a defect free
monolayer. The analysis of the frequency correlation for
the G and 2D peaks indicates that the SLG has a resid-
ual carrier density of approximately 4.5 x 1012 cm−2 and
a native strain, arising from the transfer process and the
lattice mismatch with the substrate, of −0.1%, where the
minus sign indicates compressive strain (see appendix A
for details).
We have investigated the effects of the SAW on the G
and 2D Raman bands of the SLG. These bands corre-
spond to the twofold degenerate E2g optical phonons at
the Γ point of the Brillouin zone (in-plane C-C stretch-
ing mode) and the two A1g optical phonon scattering
at the K (and K’) point of the Brillouin zone (in-plane
breathing-like mode), respectively. The SAWR pro-
duces two counter-propagating travelling SAWs forming
a standing SAW pattern with a maximum amplitude at
the anti-nodes that is twice as that of a single travelling
SAW. The local effect of the SAWs has been first assessed
by measuring the Raman spectra at different positions
on the sample, marked as A, B, and C on the optical
micrograph of the device shown in figure 2(a). The cor-
responding Raman spectra of the G peak for the SAW
ON and SAW OFF cases are depicted in figure 2(b). The
intensity modulation and broadening of the peak is only
observed within the path of the SAW beam (position A),
whereas the Raman spectrum remains unaltered at the
edge of and outside that region (positions B and C, re-
spectively). This proves that the modulation observed
is solely due to the SAW strain field. In addition, the
frequency of the RF signal applied to the IDTs has also
been varied across the passband region of the SAWR, as
shown in figure 2(c). The dips in S11 (and peaks in S12)
are due to the different modes of the acoustic resonator.
In this case, the maximum phonon modulation is con-
firmed to peak at a frequency of 385.75 MHz, figure 2(d),
where the transmission losses (S12) of the SAW devices
are minimum. This modulation fades away rapidly out
4FIG. 3. Raman spectra of the G peak for the SAW OFF,
Ioff , and SAW ON, Ion, conditions for f = 385.75 MHz
and increasing values of the applied RF power PRF . The ex-
perimental spectra (symbols) are fitted (lines) with Eq. (1)
and Eq. (2), respectively. The net differential response
(Ioff − Ion)/Ioff is also depicted (blue curve).
of the resonance frequency and is negligible for the main
side lobes (at 378, 389, and 393 MHz). This also proves
that the modulation observed is solely driven by the SAW
strain field and rules out any thermal contribution by the
laser illumination [43] and the RF dissipation. Further-
more, it demonstrates that the graphene phonons can
be modulated dynamically at high frequencies by tun-
ing the RF signal at the IDT. The slight variations in
the center wavenumber of the G peak observed in figure
2(b) at different laser positions on the sample are due to
the variations in the native strain and residual doping of
the graphene (as shown in appendix A), whereas those
observed in figure 2(d) for the same laser position and
different RF frequencies are produced by small mechani-
cal and thermal drifts. However, these drifts do not affect
the differential analysis of the SAW OFF and SAW ON
FIG. 4. Raman spectra of the 2D peak for the SAW OFF,
Ioff , and SAW ON conditions, Ion, for f = 385.75 MHz
and increasing values of the applied RF power PRF . The
experimental spectra (symbols) are fitted (lines) with Eq. (1)
and Eq. (2), respectively. The net differential response (Ioff−
Ion)/Ioff is also depicted (blue curve). Larger PRF values
were applied here, as compared to the G peak in figure 3, to
achieve a noticeable modulation.
conditions measured at a fixed RF frequency and power,
as the above mentioned modulation method cancels out
the effects of any systematic fluctuations on the Raman
signal (as explained in the experimental section).
Figure 3 displays the Raman spectra of the G peak
for various PRF values for both SAW ON, Ion, and
SAW OFF, Ioff , cases. The net differential response
(Ioff − Ion)/Ioff is also depicted. The Ioff spectra have
an asymmetric line shape, which arises from the cou-
pling of a discrete phonon spectrum to a continuum of
electronic excitations. To account for this line shape, we
have fitted the spectra with a Breit-Wigner-Fano (BWF)
5function [44], so that Ioff reads as follows:
Ioff (ν) = I0 + bν +
H
(
1 + ν−νcqBWFΓ
)2
1 +
(
ν−νc
Γ
)2 , (1)
where I0 is the base line, b is the slope of straight line
used for background removal, H is the height of the peak,
νc is the centre of the peak, Γ is the spectral width,
and 1/qBWF is the asymmetry factor. The condition
1/qBWF = 0 cancels out the contribution from the con-
tinuum of electronic excitations, giving a Lorentzian line
shape, which represents a discrete phonon spectrum. The
corresponding Ion Raman spectra show an additional line
broadening of the G peak and a decrease in H for a cer-
tain range of PRF values. This broadening in the G peak
line shape is interpreted to be caused by the dynamic
strain field of the SAW. Thus, the oscillating tensile and
compressive cycles of the strain modulate periodically the
phonon frequency around its equilibrium value. Since
the acquisition time of the Raman spectra is much larger
than the SAW period, the phonon oscillation manifests
itself as a broadening of the peak line shape and a reduc-
tion of its maximum intensity. Both the broadening and
the intensity reduction increase with increasing PRF .
The effects of the local SAW strain observed in the
graphene G and 2D Raman lines are found to be qual-
itatively similar to those described in the modulation
of the LO phonon Raman line of bulk semiconductor
crystals [40]. They are also similar to those observed
in the photoluminescence of SAW-modulated quantum
wells [45] and dots [46, 47]. In Si, the differential Ra-
man signal is slightly asymmetric [40]. The asymmetry
was attributed to the scattering events under a SAW in-
volving LO phonons with small wave vectors, which have
energies slightly lower than the one for the zone-center
mode. This type of asymmetry has not been observed for
the graphene G Raman line, thus indicating that these
scattering events are not important. Furthermore, the
piezoelectric field accompanying the SAW can modulate
the carrier concentration in semiconductors leading to
broadenings and shifts of the Raman frequency [48]. In
the case of SLG, however, the SAW-induced carrier den-
sity modulation has been estimated to be of the order of
1010 cm−2, which is negligible as compared to the resid-
ual carrier density in the material. Nonetheless, the SAW
strain modulation observed in graphene is quantitatively
much stronger as in the semiconductors due to the com-
bination of the larger Gru¨neisen parameters of graphene
and the more efficient generation of the strain in the 2D
layer on a strong piezoelectric substrate, as we will dis-
cuss in the next paragraphs.
In order to quantify the modulation of the graphene
phonon by the strain field of the standing SAW, we have
FIG. 5. Absolute value of the modulation, MG(2D), of the (a)
G- and (b) 2D-peak frequency as a function of the absolute
value of the hydrostatic strain, ε0, produced by the SAW for
devices A and B using graphene from two different batches.
Experimental values (symbols) and their linear fittings (lines)
are shown. The slight differences in the behaviour of the two
devices are attributed to variations in the graphene quality
and the IDT efficiency.
fitted the Ion spectra with the following integral equation:
Ion(ν) = I0 + bν +
1
2pi
∫ 2pi
0
H
(
1 + ν−(νc−M cos θ)qBWFΓ
)2
1 +
(
ν−(νc−M cos θ)
Γ
)2 dθ,
(2)
where I0, b, H, νc, Γ, and 1/qBWF are the fitting pa-
rameters extracted previously from the BWF fitting of
Ioff (ν) for each value of PRF . The amplitude of the
SAW-induced phonon frequency modulation is given by
M , which is the only free parameter in the fitting of
Ion(ν). M is the absolute value of the SAW-induced
modulation, whereas its sign variation within the wave
cycle is accounted for by the cosine term. M attains a
non-zero value only within the SAW beam path, for the
SAW resonance frequency, and for a large enough RF
power. We have also performed a similar study for the
62D peak, as shown in figure 4. It must be noted that in
the case of the 2D peak, 1/qBWF is very small, as ex-
pected for a band hardly affected by the continuum of
electronic excitations. A weaker acoustic modulation is
observed for the 2D band as compared to the G band,
so that much higher PRF values have been required to
obtain a comparable modulation to that of the G band.
This is expected to be related to the larger width of the
2D peak that partially hinders the modulation making it
less apparent.
Figures 5(a) and 5(b) display the evolution of the value
of M for the G, MG, and 2D, M2D, peaks, respectively,
as a function of the absolute value of the hydrostatic
strain, ε0, generated by the standing SAW at the surface
of the LiNbO3 substrate where the SLG lies. Since the
SAW is a Rayleigh mode [49], i.e. with sagittal polariza-
tion, it has only particle displacements along the x and
z directions (cf. figure 1(a)). Therefore, the hydrostatic
component of the strain field is then ε0 = εxx + εzz. The
details of the calculation of ε0 as a function of the PRF
applied to the IDTs are described in appendix B. Figures
5(a) and 5(b) display the data from two devices (A and
B) with identical SAWR but with transferred graphene
from two different batches. The linear fittings in figure
5(a) provide a slope value or rate ∂MG/∂ε0 of 49 ± 2
and 46 ± 2 cm−1/% for devices A and B, respectively.
Similar fittings in figure 5(b) provide a rate ∂M2D/∂ε0
of 39 ± 1 and 44 ± 1 cm−1/%, respectively, for the same
devices. The obtained values are then consistent for both
graphene batches used. It has to be noticed that although
the strain produced by the SAWR has a quasi-uniaxial
character, since εzz is an order of magnitude smaller than
εxx, the polycrystalline nature of the CVD SLG used
for this study averages out the contribution from several
crystal domains, so that the well-known G- [5, 14, 15] and
2D-peak [6, 50, 51] splitting in (monocrystalline) exfoli-
ated graphene flakes under uniaxial strain is not expected
to occur here. Nevertheless, these splittings are foreseen
to be induced by the SAWR in SLG monocrystals (CVD
or exfoliated).
The ∂MG(2D)/∂ε0 rates obtained have allowed us to
calculate the respective Gru¨neisen parameters, γG(2D),
which represent the rate of phonon mode softening (hard-
ening) under tensile (compressive) strain. They are ex-
pressed as [52]
γG(2D) =
1
ν
G(2D)
c
∂MG(2D)
∂ε0
, (3)
where ν
G(2D)
c is the centre of the position of the G (2D)
peak for the unperturbed (SAW OFF ) condition. The
values of γG obtained for devices A and B are 3.1 ±
0.1 and 2.8 ± 0.1, respectively, whereas the values of
the corresponding γ2D are 1.43 ± 0.04 and 1.63 ± 0.04,
respectively.
The Gru¨neisen parameters are fundamental magni-
tudes that determine the thermomechanical properties
of a material. However, in the case of graphene, there
is still a large dispersion of values reported in the lit-
erature, with γG and γ2D in the ranges of 0.69 − 2.4
and 2.98− 3.8, respectively [5, 14, 53–55]. This variation
can be attributed to the different type of strain applied,
as well as to the quality of the graphene, the substrate
used [56], and the effective adhesion of the graphene to
the substrate [57]. The smaller value of γ2D than of γG
obtained in this study seems to be an artifact related
to the less efficient SAW-induced modulation of the 2D
band due to its broader nature, as it has been discussed
in figure 4. On the other hand, the larger values of γG
obtained in this study, as compared to those reported in
the literature, might arise from the large difference in the
coefficient of thermal expansion, CTE, of the polymers
used in the case of graphene on flexible substrates, such
as SU8 in ref. [14] (CTE = 5.2 x 10−5 K−1 [58]) or
PDMS in ref [5] (CTE = 9 − 9.6 x 10−4 K−1 [59]), and
of LiNbO3 (CTE = 7.5− 15 x 10−6 K−1 [60]), as well as
due to the dynamic nature of the strain produced by the
SAW on the graphene/LiNbO3 system in contrast to the
static strain in the case of the graphene/polymer systems
on a flexible substrate.
Most bulk semiconductors have Gru¨neisen parameters
for the zone-center TO and LO (or degenerated LTO)
phonons γLTO with values around 1 [61] and phonon fre-
quencies νLTOc in the range of 250-550 cm
−1. Therefore,
the Raman frequency sensitivity to strain of these mate-
rials is expected to be of approximately 5 cm−1/%, an
order of magnitude smaller than the ∂MG(2D)/∂ε0 rates
obtained here for graphene modulated by the SAW strain
field. In addition, graphene can be easily transferred di-
rectly onto a strong piezoelectric substrate providing a
large SAW strain amplitude. Conversely, semiconduc-
tors are typically weakly or non-piezoelectric, the lat-
ter requiring an additional piezoelectric layer on top of
them to generate the SAW. Thus, in these cases, the
SAW strain amplitude is either small or only a fraction
of that produced at the piezoelectric layer reaches the
active semiconductor region [62]. This makes SAWs spe-
cially powerful and well-suited tools for the strain modu-
lation of graphene and the development of novel devices
thereof.
IV. CONCLUSIONS
In conclusion, we have investigated the SAW-induced
modulation of the phonons of graphene by Raman spec-
troscopy. We have observed strong effects in both first-
order and second-order (or two-phonon) Raman modes,
achieving intensity variations of 15 % and phonon fre-
quency shifts of around 10 cm−1 when the SAW is ap-
plied. The local strain produced by the SAW can be
varied by changing the applied RF power and frequency
allowing us to dynamically tune the phonon frequency.
SAWs might also permit to generate strain along mul-
tiple axes and tailor the strain fields. For example, a
biaxial strain pattern could be generated by either using
7orthogonal SAWRs or selecting crystal cuts and propaga-
tion directions providing comparable εxx and εyy compo-
nents [63]. An adequate design of the in- and out-of-plane
strain components of the SAW might also be useful for
tailoring gauge fields in graphene [9, 64]. Moreover, the
amount of strain generated in the SLG could be enhanced
by using focusing IDTs. Furthermore, the piezoelectric
field accompanying the SAW in LiNbO3 leads to a varia-
tion of the SLG carrier density of the order of 1010 cm−2,
which could be used for locally modulating the material
near the Dirac point.
The modulation mechanism reported here is not lim-
ited to single-layer graphene but can be extended to any
other single- or few-layer 2D material, where the physics
is specially rich and strain engineering opens a whole
range of new possibilities [65, 66]. Moreover, many 2D
materials are themselves piezoelectric [67], enhancing the
capabilities of strain modulation. As an example, the
E2g mode has been shown to strongly modify the plas-
monic properties of bilayer graphene [68], so that a SAW
could be used to tune hybridized plamon-phonon modes
for surface-enhanced Raman spectroscopy [69].
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Appendix A: Graphene native strain
A WITec Alpha 300AR Raman confocal microscope
was used for the preliminary Raman spectroscopy map-
ping of the samples. Raman spectra were obtained in
backscattering geometry using a 50x objective lens (nu-
merical aperture of 0.8) in ambient conditions. A 532-nm
wavelength laser set to a power of 1 mW was used as ex-
citation source. Typical mapped areas were 80 x 100 µm
in size, scanned with steps of 4 µm.
Figure 6 shows the correlation between the frequen-
cies of the G and 2D peaks in one of these Raman map-
FIG. 6. Correlation of the G- and 2D-peak frequencies of
the graphene transferred to LiNbO3. The mean and standard
deviation of the distribution is shown by the symbol and the
error bars, respectively. The embedded internal axes decouple
the doping and the strain effects.
pings. The larger excitation wavelength used here as
compared to the one used for the Raman spectroscopy
under a SAW leads to smaller frequencies of the 2D
peak [70] than in previous figures. The diagonal evo-
lution of the data distribution shows a slope value of
∂ν2D/∂νG ≈ 2.2, which is consistent with graphene un-
der biaxial strain, (∂ν2D/∂νG)εbiaxial = 2.2 [17, 18] and
constant p-type doping, (∂ν2D/∂νG)p = 0.7 [71]. Using
the reported sensitivity values of ∂νG/∂εbiaxial = −69.1
cm−1/% and ∂ν2D/∂p = −1.04 cm−1/1012 cm−2 [71],
these frequencies are decomposed in a native strain and
residual doping-related basis [71], as shown by the inter-
nal set of axes in figure 6.
Appendix B: SAW-induced strain vs power density
The output signal from an RF generator was split and
amplified, in order to drive each IDT of the SAWR with
an RF power PRF (dBm). The SAW power density
(power per unit of SAW beam width) generated by each
IDT was then calculated using the following relation
PIDT (W/m) =
10
[
(S12/2)(dB)
10
]
10
[
(PRF (dBm)− 30)
10
]
WIDT (m)
.
(B1)
The half of the transmission parameter S12(dB) of the
SAWR takes into account the electromechanical effi-
ciency of a single IDT and reflection grating.
Rayleigh SAWs have a mixed compressional and shear
8FIG. 7. Amplitude of the hydrostatic strain ε0 produced by
the SAWR at the anti-nodes of the standing wave pattern
(both IDTs excited, solid line) as function of the SAW power
density generated by each IDT PIDT (W/m). For comparison,
the strain associated to a travelling wave generated by a single
IDT (dashed line) is also depicted.
character, leading to a displacement field vector
uR = (ux, 0, uz), (B2)
where ux and uz are the longitudinal and shear vertical
components, respectively, and the shear horizontal com-
ponent uy is typically zero. In the particular case of 128
o
rotated Y-cut X-propagating LiNbO3, uy is not zero but
approximately 20 times smaller than the other two com-
ponents, so it has been neglected. Thus, using the Voigt
notation, the strain field is written as
εR = (εxx, 0, εzz, 0, 2εxz, 0), (B3)
where the strain tensor components are given by
εkl =
1
2
(
∂uk
∂xl
+
∂ul
∂xk
) (B4)
and the zero components in equation (B3) appear be-
cause uy = ∂ux/∂y = ∂uz/∂y = 0. The particle dis-
placements have been calculated by solving numerically
the coupled elastic and electromagnetic equations for the
LiNbO3 substrate. This allow us to calculate the strain
components and the hydrostatic strain ε0 = εxx + εzz
produced by the SAWR in the LiNbO3 substrate, and
transmitted to the graphene layer on top.
Figure 7 shows the amplitude of ε0 as a function of
PIDT (W/m), where a square root dependence is ob-
served. The maximum strain is achieved at the anti-
nodes of the standing wave produced by the SAWR
(where both IDTs are excited), which is 2 times larger
than that generated by a travelling wave excited by a
single IDT. The sign of the strain depends in both cases
on the part of the cycle of the wave.
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